The phenol-ammonia 1:1 complex has been investigated by mass resolved hole burning spectroscopy and ab initio methods at the HF/6-31G(d,p) and HF/6-31ϩϩG(d, p) levels of theory. By means of spectral hole burning four bands in the region of intermolecular vibrations could be assigned to the 1:1 complex. The ab initio computed cluster structure and its normal vibrations are reported and compared to the experimental results. Anharmonic calculations were carried out for the ammonia torsion. The results are compared to structurally related complexes.
I. INTRODUCTION
Clusters of the phenol-water type have gained much interest in the last years. They are easily accessible by laser spectroscopical methods-in contrast to pure solvent clusters, e.g., the water dimer-and they are of fundamental interest to solvent chemistry as well as molecular biology, where hydrogen bonding determines structure and function of proteins and nucleic acids. But whereas the OH•••O interaction in clusters was investigated in numerous experimental and theoretical works [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] and the NH•••N potential was extensively explored in the case of the ammonia dimer, [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] there is mainly experimental work on the mixed hydrogen bonds NH•••O and N•••HO. 8, 29, [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] Only few ab initio studies for this cluster type are available. 57,62,76 -78 However, a quick view in any biochemical textbook shows that the majority of biological relevant hydrogen bonding is due to mixed interaction of the NHO type. 79, 80 What possibilities do exist to investigate these important structures? The water-ammonia cluster itself is probably not accessible to highly sensitive methods like resonance enhanced multiphoton ionization ͑REMPI͒ or laser induced fluorescence ͑LIF͒ due to the absence of stable low lying electronic states. Results of ir studies in a matrix in the region of OH-and NH-stretch vibrations have been published by Engdahl, Nelander, and Nord 65, 71 for the ammonia-water system. In a microwave study 67 Herbine and Dyke conclude that this system is essentially linear bonded with an N-O distance of 2.98 Å. Some high-level ab initio studies on this system are also available. 76 -78 While the ammonia-water system is a fine example for the study of solvent chemistry and acid-base reactions, it is more realistic to connect the active groups to a carbon backbone when considering the cluster as a biological model system. There are two spectroscopically predestinate complexes to start with aniline-water and phenol-ammonia. This paper deals with the latter complex.
Compared to its water analogue there are relatively few publications on the phenol-ammonia system. 29, 69, 70, 73, 74 Mikami et al. 69 studied the photodissociation properties of phenol-ammonia. A ͑1ϩ1͒-REMPI spectrum with low spectral and without mass resolution and two dispersed fluorescence spectra were also reported. They identified the electronic origin at 35 717Ϯ2 cm
Ϫ1
. A band at 182 cm Ϫ1 relative to the origin was assigned to the H bond stretching vibration in the S 1 state. The corresponding vibration in the S 0 state has a frequency of 164 cm Ϫ1 and exhibits a distinct anharmonic behavior. A series of papers from Tramer and co-workers 70, 73, 74 deals mainly with the proton transfer properties of phenol-ammonia clusters. Mass resolved REMPI spectra of low spectral resolution are reported for the nϭ1 -3 clusters. While the nϭ1,2 traces show distinct vibrational structure, the spectrum at the nϭ3 mass exhibits only a broad featureless absorption. Hartland et al. 29 performed an ionization detected stimulated Raman spectroscopy ͑IDSRS͒ study of a series of 1:1 clusters of the phenolwater type including the phenol-ammonia cluster. They recorded Raman spectra in the region of 1000-1300 cm
. No spectra in the region of the NH/OH-stretch vibrations were reported. No ab initio work on the phenol-ammonia cluster has been published to our knowledge up to now.
In this paper we present two-color REMPI spectra as well as mass resolved hole burning spectra of the phenolammonia system. Our aim is to clarify which bands in the intermolecular spectral region do belong to the 1:1 complex. We will compare our results to those of previous investigations. Furthermore, we apply ab initio methods for structure determination and normal mode analysis of phenol-ammonia to get additional information for the assignment of the observed intermolecular bands. A comparison with structurally related clusters will complete this study.
II. METHODS

A. Computational procedure
Minimum energy structure and normal mode calculations were performed for phenol, ammonia and the phenolammonia cluster with the GAUSSIAN 92 program. 81 The structure was fully optimized at the HF/6-31G(d,p) and HF/6-31 ϩϩG(d, p) levels. As various authors have shown 42,46,48 a͒ To whom correspondence should be addressed. these levels of theory are quite suitable for the determination of structural parameters and harmonic frequencies of hydrogen bonded clusters of the phenol-water type. For the minimum energy structure and for the transition state of internal rotation of phenol-ammonia, normal modes were calculated using force constants from analytical second derivatives of the SCF potential energy surface. The intramolecular vibrations of the cluster were scaled with an empirical scaling factor 42 derived from free phenol. Intermolecular vibrations remained unscaled.
The HF stabilization energy of the cluster was calculated as the difference between the total SCF energy of the fully optimized phenol-ammonia cluster and the energies of the phenol and ammonia moieties. Corrections were made for zero point energy ͑ZPE͒, basis set superposition error ͑BSSE͒ and correlation contributions ͑at the MP2 level͒.
B. Experimental setup
Two color REMPI measurements were carried out using two Nd:YAG pumped frequency doubled dye laser systems ͑two LDL 205 dye lasers from LAS Inc., pumped by GCR-3 and GCR-170 Nd:YAG lasers from Spectra Physics͒ using Fluorescein 27 or DCM dyes. Hole burning spectra have been obtained using the first laser system as the ͑tunable͒ burn laser, while the second one probes the origin of the 1:1 complex. For the two color REMPI spectra pulse energies below 100 J were used for electronic excitation and 2 mJ for ionization ͑weakly focused͒. For the hole burning experiment the burn laser delivered uv pulses of 0.5 mJ, but the hole burning signal was strongly enhanced by adding the laser fundamental to the process. 17 The molecular beam was produced by expanding an appropriate mixture of phenol, ammonia and a seed gas ͑he-lium or neon͒ through a pulsed valve ͑General Valve͒ with a 500 m orifice into a vacuum chamber. The skimmed expansion was introduced into a second chamber where the laser beams interact with the molecular beam at right angles between the first two plates of a Wiley-McLaren type time-offlight ͑TOF͒ mass spectrometer. 82 The vacuum in the two chambers was maintained by a 1000 l/s oil diffusion pump ͑Alcatel͒ and a 150 l/s turbo pump ͑Leybold͒ at 10 Ϫ4 mbar ͑nozzle chamber͒ and 10 Ϫ6 mbar ͑TOF chamber͒, respectively. Under these conditions a maximum stagnation pressure of 3000 mbar at a gas pulse length of 300 s could be used.
The TOF arrangement showed a mass resolution of 92 at m/eϭ111. This was sufficient for resolving masses 111 and 112 ͑phenol-ammonia and phenol-water, respectively͒ at least qualitatively by observing the oscilloscope traces. All spectra were recorded with relatively wide gates ͑2-3 mass units͒ but occasionally additional narrow gates were used to discriminate bands from water clusters or isotopomers against the interesting complexes. The TOF signal was digitized by a 500 MHz digitizing oscilloscope ͑TDS 520A, Tektronix͒ and transferred to a computer where the TOF mass spectrum was displayed by means of a program written in Labview ͑National Instruments͒. The program is able to simulate several boxcar integrators to store and display the integrated ion and background signals as a function of laser wavelength.
Time delays were managed by two home-built delay generators. The delay between the two laser pulses was fixed to zero in the two color REMPI experiments and to 200 ns for the hole burning experiment. Timing stability was about 2 ns. In the hole burning experiments two traces were recorded for every mass, one for the burn laser and one for the probe laser. All traces could be normalized to the laser power by means of a photodiode.
III. THEORETICAL RESULTS
A. Calculated geometries and binding energies
Due to the much stronger base character of ammonia compared with water and methanol, there is no question that the ammonia moiety is the proton acceptor in this cluster. When choosing a suitable starting geometry for optimization, one should be aware of the possibility of more or less ionic structures, derived from a structure like
However, all calculations ͑ionic or covalent start geometries͒ for the electronic ground state of phenol-ammonia finally converged to the structure shown in Fig. 1 .
The calculated structure fits well in with the other clusters of the phenol-water type. The important structural parameters are reported in Table I . The optimized structure is of nearly C s symmetry with one ammonia hydrogen lying in the aromatic plane and the two others placed symmetrically above and below the plane. In contrast to phenol-water the out-of-plane hydrogens reside on the cis side of the hydrogen bond axis, probably due to sterical hindrance of the aromatic ring hydrogen.
Analogous geometrical parameters of the phenol-water and phenol-ammonia clusters are quite similar. The OH-bond length r 2 of the phenol moiety is stretched more in the case of phenol-ammonia than in the case of phenol-water. This can be attributed to the stronger proton acceptor character of ammonia compared with water. The length R of the H bond defined by the distance between the heavy atoms ͑here O and N͒ is substantially larger in phenol-ammonia compared to phenol-water and phenol-methanol. This result is consistent with microwave data of Herbine and Dyke for ammoniawater, where the ON distance is determined to 2.98Ϯ0.05 Å. 67 Rotationally resolved LIF measurements by Plusquellic et al. show an O-N distance of 2.77 Å in 2-naphtholammonia, 75 however. Unfortunately, no ab initio calculations have been performed for this large system yet to check whether calculations at the Hartree-Fock level are able to give a reliable description of the O-N distance in aromatic H-bonded systems.
The hydrogen bond in phenol-ammonia is distorted from a linear arrangement by ϭ6.5°͑cf. Fig. 1͒ . The distortion is larger than in ammonia-water ͓1.5°at HF/6-31G(d,p) 76 ͔ and phenol-water ͓3.3°at HF/6-31G(d,p) 46 ͔ which may be explained by stronger sterical interaction of ammonia with the aromatic ring hydrogen. The C 3 symmetry axis of ammonia spans an angle ␤ of 178.3°with the O-N axis. This means that this axis nearly coincides with the O-N axis. Addition of diffuse functions on all atoms in the basis set ͓6-31ϩϩG(d,p)͔ leads to a similar geometry. The only discernible deviations are the O-N distance R and the angle which increase to 2.977 Å and 7.14°, respectively.
The calculated rotational constants are given in Table II . They are compared with those for the free phenol and the corresponding water and methanol clusters. No experimental values for the rotational constants of phenol-ammonia are available yet.
The transition state for the torsional motion of ammonia was calculated as well. Normal coordinate analysis predicts an almost pure rotation about the ammonia C 3 axis. A onedimensional calculation along this coordinate shows a barrier at ␣ϭ60.0°, where ␣ is the torsional angle measured from the minimum structure at 0°. The barrier height was calculated to 24.3 cm
Ϫ1
. Further optimization of the transition state structure with the TS option of the GAUSSIAN program did not result in significant changes. This is in contrast to phenol-water where the transition state of the torsional motion cannot be described by a pure rotation about the OO axis since the water moiety lies 0.5 Å above the aromatic plane. 46 For the 2-naphthol-ammonia torsion in the electronic ground state, V 3 barriers of 34.2 cm Ϫ1 ͑trans-naphthol͒ and 41.1 cm Ϫ1 ͑cis-naphthol͒ were obtained from high resolution LIF measurements 75 which are of similar magnitude. Obviously ammonia is a nearly free rotor in this cluster, in distinct contrast to phenol-water where the second p orbital of the oxygen atom provokes a rotational barrier of 130 cm Ϫ1 as obtained from high-resolution LIF measurements. 83 The potential can be fitted by a cosine function of the form Vϭ 1 2 V 0 ͓1Ϫcos 3␣͔ without any higher order terms. The torsional levels for this potential are calculated according to Ref. 28 and shown in Fig. 2 . The energy levels are classified in the point group C 3v , the local symmetry of the ammonia moiety. The splitting of the lowest A and E levels is 5.6 cm
. The binding energie D e of phenol͑NH 3 ͒ is calculated at the HF and MP2 level of theory ͓⌬ corr ϭD e ͑MP2͒ϪD e ͑HF͔͒. BSSE corrections of the binding energy are taken into account using the full counterpoise procedure of Boys and Bernardi. 46, 84 Zero point energy ͑ZPE͒ contribution is included in the D 0 values. The calculated ZPE results from unscaled harmonic frequencies. Due to the stronger base character of ammonia the phenol-ammonia cluster turns out to be more stable than the phenol-water and phenol-methanol clusters. Similar to phenol-water and phenol-methanol, the uncorrected HF-binding energy ͑2981 cm
͒ is a good approximation of the true stabilization energy of the cluster, since BSSE ͑HFϩMP2͒ correction and correlation energy contribution cancel rather closely. 
B. Intramolecular vibrations
The calculated intramolecular harmonic frequencies are collected in Table IV . As expected from group theory there are 27 intramolecular vibrations of aЈ and 12 of aЉ symmetry. The frequencies are scaled with a factor 0.9 which was derived by Schütz et al. in comparing experimental and ab initio frequencies of phenol. 42 Calculated frequency shifts ͑relative to bare phenol and ammonia, respectively͒ were also added. The two degenerate ammonia vibrations 3 and 4 ͑the asymmetric stretching and the bending vibration, respectively͒ correlate with one aЈ and one aЉ vibration.
As already mentioned, some intramolecular frequencies were measured by Hartland et al. 29 and Mikami et al. 69 The IDSRS spectra 29 show frequency shifts of 1 , also in good agreement with the corresponding values in Table IV .
The most striking frequency shifts due to complexation are associated with the OH-bending vibration, the torsion about the C-O axis and the ammonia, umbrella vibration. Here, the shifts can be explained by the additional mass of the ammonia moiety and the unfeasible NH 3 inversion in the cluster.
C. Intermolecular vibrations
Six intermolecular vibrations arise from complexation due to loss of three translational and three rotational motions. According to Schütz et al. 46 they are labeled as ␤ 1,2 ͑wag-ging modes͒, 1,2 ͑rocking modes͒, ͑stretching mode͒, and ͑torsional mode͒. The ␤ and modes are of aЈ symmetry whereas the and modes are of aЉ symmetry. The stretching vibration and the ␤ 1 and 1 modes correspond to the translations in x, y, and z direction of the free ammonia ͑x direction: direction of the O•••N bond, z direction: perpendicular to the phenol ring, y direction: perpendicular to x and z direction͒. The , 2 , and ␤ 2 vibrations correspond to rotations about the inertial axes of free ammonia, with rather small elongations at the phenol moiety compared to the corresponding translations of ammonia. The calculated data are displayed in Table V , views of the vibrations are shown in Fig. 3 .
The calculated isotopic ratios for d-phenol-ND 3 are also included in Table V . Inspection of this table shows that vibrations which descend from ammonia translations have isotopic ratios close to one whereas vibrations which inherit rotational character on the ammonia unit show a considerable isotopic effect. Together with the fact that the nuclear spin statistics for the deuterated isotopomer C 6 H 5 OD-ND 3 is not 1:1 but 11:16 for the A/E levels shown in Fig. 2 , its spectra will give valuable advice in assigning the correct vibrations to the observed bands. Figure 4 shows three mass traces of the two color REMPI spectrum of phenol-ammonia at the higher frequency side of the origin at 35 714.0Ϯ1.0 cm
IV. EXPERIMENTAL RESULTS
Ϫ1
. In the range from 0 to 300 cm Ϫ1 we observed more bands than expected for the 1:1 complex for which only the three totally symmetric intermolecular vibrational modes and possibly some weaker combination bands and overtones should be allowed ͑cf. Sec. III͒. The spectrum shows much more structure than the total ion spectrum of Mikami et al. 69 and the overview spectrum of Solgadi et al. 70 The bands at 43 and 182 cm , but as our analysis will show, these bands belong to higher clusters which will be discussed in a later publication. What possibility do we have to assign the bands which belong to the 1:1 complex? The two-color spectra which are taken at a ionization laser frequency of 30 300 cm Ϫ1 ͑5300 cm Ϫ1 below the one color energy͒ show massive fragmentation of the higher clusters. Closer examination of these spectra reveals that the splitted progression in Fig. 4 is repeated on the phenol-͑NH 3 ͒ 2 trace which was not scanned by Solgadi et al. 70 This is even more evident in Fig. 5 . Hence the progression cannot belong to the 1:1 complex, but to nϭ2 or higher clusters. But what about the other bands?
We choose a mass resolved hole burning experiment to solve this problem. Spectral hole burning was introduced by Lipert et al. 16 for the analysis of gas phase cluster spectra. As a double resonance experiment, it is not only mass but species selective and we successfully applied this method in the LIF and REMPI variants to the analysis of phenol-͑water͒ 3 , phenol-methanol, phenol dimer, and o-, m-dihydroxybenzenes. 34, [85] [86] [87] The principal problem of the spectral hole burning technique is that signal/noise ratio is not determined by the ͑small͒ background noise of the REMPI experiment but by the stability of the REMPI signal itself. Probe laser and molecular beam should be as stable as possible here.
The hole burning spectrum of the 1:1 complex probing the electronic origin is shown in Fig. 6 . The upper trace is the simultaneously recorded one-color REMPI spectrum, the lower one is the hole burning spectrum. Molecular beam conditions were optimized to produce only small clusters which has been checked by the nonresonant mass spectrum. As already observed for the naphthol-ammonia system 68 cluster distribution depends strongly on the time delay between valve opening and laser firing. We achieved best conditions for small clusters by probing the early expansion. Later in the expansion, e.g., after 200 s, phenol-͑ammonia͒ n clusters of nϭ30 and higher could be observed.
Besides the origin, four bands can easily be identified in the hole burning spectrum with a shift of 65, 74, 83, and 182 cm Ϫ1 relative to the electronic origin. The band at 43 cm
could not be attributed to the 1:1 complex. This is in accordance with the two-color REMPI spectrum shown in Fig. 5 . Spectral positions, intensities and hole depths are summarized in Table VI . While REMPI spectroscopy is the key to the vibrations in the excited cluster state, dispersed fluorescence reveals the vibrational pattern of the electronic ground state. Before attempting an interpretation of the REMPI spectrum we should have a look on the corresponding dispersed fluorescence spectrum. Our dispersed fluorescence ͑DF͒ spectra are similar to those reported by Mikami et al. 69 The DF spectrum obtained by pumping the electronic origin shows three bands in the intermolecular region at 62, 162, and 322 cm ͑phenol͒ 2 ͑120/109 cm Ϫ186 donor part͒ cluster ͑S 1 /S 0 frequencies, respectively͒. Due to the strong anharmonicity of some intermolecular modes a simple harmonic normal mode analysis is not necessarily adequate as outlined in the theoretical section, but the harmonic frequency of the intermolecular stretching vibration generally reproduces the experimental value fairly well. Based on this argumentation we assign the 182/162 cm Ϫ1 bands ͑S 1 and S 0 , respectively͒ to the intermolecular stretch vibration.
Assignment of the other three observed bands is not straightforward. Normal coordinate analysis has shown that from the allowed aЈ modes only has both a high force constant and a large reduced mass while ␤ 1 has a small force constant and ␤ 2 a small reduced mass. This leads to large amplitude motions and hence to possibly large anharmonic corrections. However the ␤ 2 frequency will very probably not decrease from 304.5 to 62 cm Ϫ1 on including anharmonic corrections. Hence the 62 cm Ϫ1 vibration in the S 0 state can be assigned to the ␤ 1 mode ͑assumed as harmonic͒.
The 322 cm Ϫ1 vibration is probably the first overtone of the 162 cm Ϫ1 vibration, cf. Ref. 69 . As shown in Table IV , there are low frequency intramolecular vibrations in that region ͑ 11 and 16a ͒ but the vibronic transitions are forbidden by symmetry. A correlation with the aЈ mode 18b seems not very reasonable because of the large shift between experiment and calculation. An assignment of the 322 cm Ϫ1 vibration to the ␤ 2 vibrational mode seems also unlikely.
The REMPI and hole burning spectra in Figs. 4 , 5, and 6 show at least three bands in the low frequency region below 100 cm
. The shape of the 65 cm Ϫ1 feature suggests that it consists of two or more bands. One of the three bands ͑e.g., the band at 65 cm Ϫ1 ͒ should correlate with the 62 cm Ϫ1 band in the S 0 state and corresponds to an in plane wag vibration. The other bands could be ͑allowed͒ overtones and/or combination bands of the low frequency aЉ vibrations, cf. Table V and Fig. 2 .
When pumping the 0 0 -state resonance fluorescence is by far the strongest feature in the dispersed fluorescence spectrum. Similarly the electronic origin is the dominant feature in the REMPI spectra of phenol-ammonia. These facts suggest that the potential of the ground and excited states of the complex are not shifted significantly so that the FranckCondon principle favors the vibrationless transition.
Because of the absence of a discernible torsional splitting originating from the ammonia moiety it can be assumed that the A -E splittings in both electronic states of phenolammonia and probably also its barriers are of the same order of magnitude.
V. CONCLUSIONS
In the present work REMPI spectroscopy is applied to the phenol-ammonia complex in the range of its intermolecular vibrations. By means of mass resolved spectral hole burning the bands of the 1:1 complex are selected from higher clusters. High level ab initio calculations were carried out to determine the structure of this cluster. The experimental S 1 frequencies have been compared to the results of dispersed fluorescence measurements and ab initio normal mode calculations. The intermolecular stretching vibration and the ground state ␤ 1 wag vibration are assigned safely in this way while merely proposals could be made for the other intermolecular vibrations. The ammonia torsional mode was calculated in some detail. In contrast to higher clusters, no splitting of vibrational bands from torsional tunneling has been observed with our present laser resolution. We hope that the investigation of the deuterated isotopomer which is currently on the way in our laboratory will clear off some of the remaining uncertainties in the vibrational spectra of this interesting cluster system.
